Abstract: Ultrathin semiconductor nanocrystals (NCs) with at least one dimension below their exciton Bohr radius receive a rapidly increasing attention due to their unique physicochemical properties such as strong quantum confinement, large surface-to-volume ratio, and giant oscillator strength. These superior properties highly depend on the shape and crystal phase of semiconductor NCs. Slight changes in the shape and phase of NCs can cause significant changes in their properties. Therefore, it is crucial to controllably synthesize semiconductor NCs. Here, we demonstrate not only the synthesis of robust welldefined ultrathin ZnS nanoplatelets (NPLs) with excitonic absorption and emission, but also the precise shape and phase control of ZnS NCs based on a soft template strategy. The key feature of our approach is the tuning of the sulfur precursor amount, resulting in a simultaneous shape/phase transformation between wurtzite (WZ) ZnS NPLs and zinc blende (ZB) ZnS nanorods (NRs) at moderate temperatures (150 °C).
Introduction
After the discovery of graphene, 1-2 ultrathin semiconductor nanocrystals (NCs) with at least one dimension below their exciton Bohr radius, typically in the sub-5 nm regime, 3 have attracted intensive research interests due to strong quantum confinement effects, large surface-to-volume ratio, giant oscillator strength, and potential applications in optoelectronic devices, sensors, energy conversion and storage, and catalysis. [4] [5] [6] These advantages are largely based on the existence of the ultrathin size in at least one dimension, resulting in strong quantum confinement. [7] [8] Among many ultrathin semiconductor
NCs, quasi-two-dimensional (2D) nanoplatelets (NPLs) with atomically precise thicknesses have been the most studied ones. Such semiconductor NPLs exhibit unique behavior such as narrow spectral linewidths in absorption and emission as well as large absorption cross-sections because of their well-controlled size in one dimension. 7 So far, numerous studies on CdSe NPLs have been reported by several groups. [9] [10] [11] [12] Compared to Cd-based NCs, zinc sulfide (ZnS) exhibits very low toxicity. In addition, ZnS, as an important wide-band gap semiconductor, has a large direct band gap of approximately 3.7-3.8 eV at room temperature and a small Bohr radius of 2.5 nm, which makes it a promising candidate for electroluminescence, sensor, laser technology, and photocatalysis. [13] [14] By colloidal method, several zinc chalcogenide quasi-2D structures have been already synthesized in recent years. In 2011, Karan et al.
presented both wurtzite (WZ) and zinc blende (ZB) ZnS NPLs synthesis assisted by Mn 2+ introduction involving oleylamine (OAm). 15 Later Park et al. showed ZnSe NPLs with narrow excitonic absorption peak at room temperature using OAm/octylamine (OTA) mixture as the solvent and ligand. 16 Similar softtemplate method has been adapted by Buffard et al. for synthesizing WZ ZnS NPLs by low temperatures. 17 Eventually, Bouet et al. showed principal possibility to form ZB ZnS NPLs by sequential cation exchange from CdS template. 18 However no excitonic photoluminescence (PL) from reported and mentioned structures was showed yet. To the best of our knowledge, there are only few reports on colloidal synthesis of ultrathin ZnS NPLs, and the synthesis of robust well-defined structures with excitonic emission is still a challenge, especially in terms of simultaneous shape/phase transition.
Shape control is highly significant in the fabrication of semiconductor NCs because of their shape-dependent optical and electrical characteristics. [19] [20] [21] [22] In particular, semiconductor NCs can be tailored to gain optimized properties via a shape control strategy. A variety of approaches including thermal evaporation, 23 vapor liquid-solid processes, 24 and thermolysis 25 Phase control is another key factor in the manipulation of optoelectronic properties of semiconductor NCs. As is well known, ZnS generally exits as two types of structural polymorphs, the cubic ZB and the hexagonal WZ structure having a direct wide band gap of 3.77 and 3.72 eV, respectively. [29] [30] [31] Due to differences in atomic arrangement, the properties of ZB-ZnS are quite different from that of WZ-ZnS. For instance, the ZB-ZnS and WZ-ZnS exhibit very different surface chemical activities and electronic characteristics because of the different Zn-and S-terminated surfaces. 32 Recently, the WZ phase of ZnS was shown to produce a spontaneous polarization and internal electric field stimulating better charge carriers separation and transfer and making the WZ phase attractive for more efficient photocatalytic processes and energy conversion. 33 In previous reports, ZnS NCs synthesized by a wet chemical method were usually of ZB (sphalerite) structure, which is a lowtemperature phase. 34 Wurtzite is the high-temperature polymorph of ZnS, which can be formed at temperatures around 1023 °C. 35 Although the temperature for the synthesis of WZ-ZnS NCs has been reduced to 150°C, 36 it is still difficult to achieve the phase transition at low temperature. In already mentioned work, Karan et al. achieve reversible ZB/WZ phase changes in ZnS nanostructures at 300 °C by reversible insertion/ejection of doping ions induced by a thermocyclic process. 15 However, the obtained ZnS NCs were not pure and the used temperature is still relatively high. Thus, to achieve the phase transition in pure ZnS NCs at low temperature by using wet chemical methods still remains a big challenge.
In the present work, we report a simultaneous control of shape and phase in pure ultrathin ZnS 
Results and Discussions
In a first series of experiments, the amount of sulfur was varied while keeping all other parameters constant. TEM images ( Figure 1A-F without impurity peaks. Liu and co-workers showed that the width of the peaks is correlated with the growth direction for the ZB-ZnS NWs. 37 A narrow peak is assigned to long axis directions, while a broad peak is related to short axis directions. Thus, the narrowest (111) peak and the broadest (220) We attribute the first absorption peak of the NPLs to an excitonic transition substantially enhanced by the Coulombic attraction between electrons and holes. The sharpness of the absorption peak suggests that the NPLs are homogeneous in thickness (one population), which agrees with the TEM results ( Figure S2 ). The appearance of several absorption features in the absorption spectra of NPLs, and generally in 2D systems, was attributed to electronic transitions from heavy (hh)-, and light-hole (lh) levels to the first conduction band, 7 as well as interband transitions to higher conduction sub-bands. 38 For colloidal CdSe NPLs the main absorption feature was shown to originate from hh-e and lh-etransitions, 7 separated by ca. 180 meV for the ZB 9 and 220 meV for the WZ NPLs 39 . On the other hand, the splitting of the absorption bands based on the level structure of the top of the valence band was shown to be smaller for bulk ZnS films 40 because of lighter atoms and hence weaker spin-orbit coupling. Pronounced hydrogenic1s, 2s lines were observable even at room temperature, the (so)-e transition smeared out after heating over 200 K. However, the spectral separation of these bands was in the range of 70 meV. To undoubtedly resolve the question of the origin of the absorption features in our spectra, we performed ab initio calculations (see Methods section) [41] [42] [43] [44] [45] of the WZ ZnS slab with [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] In Figure 4 we show the experimental absorption spectrum and the calculated dipole allowed transitions originates from the second bulk conduction band at the Gamma-point. The weak shoulder corresponds to transitions between states with two nodes (h5-e2, from the second sub-band). The agreement between the calculations and the experimental results is qualitatively good with some quantitative differences. The second absorption peak is slightly too high in energy and the lowest peak slightly too low. Note that our single particle gap is at 4.25 eV, which is over 100 meV below the experimental result. We attribute the differences to the lack of correlation effects in the calculations and possibly the presence of out-of-plane strain which would explain our underestimated band gap. Indeed, due to surface reconstruction, the interatomic distances may be altered leading to the appearance of strain and to a shift of bands. 46 Analyzing the XRD data, we note that the (002) reflex corresponding to the lateral direction exactly coincides with the reference. At the same time the (10-10) and (10-11) which contain information from directions piercing the NPLs' flat basal plane at an angle different from zero are shifted to higher angles, which might be attributed to the presence of compressive strain in the thickness direction. In any case, the large blue shift (ca. 0.6 eV) relative to the bulk WZ-ZnS band gap (3.77 eV) 31, 47 indicates the existence of a very strong one dimensional (1D) quantum confinement effect, 48 which is mainly attributed to the ultrathin thickness of the NPLs. The present results explain the relatively large broadening of the first absorption band in comparison with the PL and absorption broadening of CdSe NPLs, since it consists in our case of unresolved hh-e, lh-e and so-e contributions (h0,1,2-e0 transitions).
The absorption spectrum of the ZB-ZnS NRs ( Figure 3C ) shows a more traditional shape consisting of a continuum-like absorption with a shoulder at 305 nm, which can be attributed to the band edge absorption onset. Figure 3D shows that the band gap value of ZnS NRs estimated by the Tauc linearization is approximately 3.87 eV, which is slightly blue-shifted by 0.15 eV compared to the bulk ZB-ZnS band gap (3.72 eV), 30, 47 implying a weak quantum confinement effect in agreement with recent ab-initio simulations of ZnS NRs. 49 The PL spectrum of ZnS NRs exhibits an inhomogeneously broadened non-symmetric band consisting of peaks at 335 nm and 359 nm and weak shoulders at 395 nm and 468 nm, respectively. These peaks can be attributed to the band-edge emission (335 nm, 3.7 eV), the excitonic emissions at interstitial sulfur and the interstitial zinc (359 nm and 395 nm), and dangling sulfur bonds at the interface of ZnS (468 nm). [50] [51] In the current case, the well-known deep-trap emission (around 450 nm) generated from surface sulfur vacant sites is not observed, which can be explained by the excess sulfur in the system as demonstrated by the EDS data ( Figure S5 ). To investigate the formation mechanism of the ultrathin ZnS NPLs, we studied the ZnCl2-OTAOAm complex in regard to a soft template mechanism. [53] [54] [55] It has been reported that the inorganic metal halide and the alkylamine can form a lamellar structure by the van der Waals attraction between hydrocarbon sidechains of the alkylamine. [56] [57] [58] In a recent work, Buhro et al. reported the synthesis of ultrathin (1 nm) PbS NPLs by using analkylamine-based soft template strategy. 59 The formation of a lamellar, amine-bilayer mesophase was confirmed, which well explains the two-dimensional growth of PbS NCs. In this present reaction system, a mixture of OTA and OAm was chosen as the soft template, which plays two important roles in the formation of well-separated ZnS NPLs: 1) the optimum reactivity of the OTA; 2) the long OAm molecular chain can serve to enhance the steric repulsion between organic layers, resulting in weakened interactions between the NPLs. 3, 56 The complex was precipitated by adding acetone to the mixture of OTA, OAm, and ZnCl2, followed by centrifugation. As we have shown, the shape evolves from NPLs to NRs with increasing amount of sulfur precursor ( Figure 1A-F) . Peng and co-workers showed that the shape-evolution was correlated with the monomer concentration. [63] [64] For a given solution system, a high monomer concentration can support the growth of the nanocrystal in its 1D growth stage, which generates rod-shaped NCs. At a low monomer concentration, the dot-shaped NCs are preferential formed due to the 3D-growth stage. In our case, we clearly found that the ZnS NRs were synthesized with a high sulfur concentration compared to NPLs.
50, 52
Both the HRTEM image ( Figure 2F ) and the FFT pattern ( Figure 2G ) confirm the 1D growth stage. Thus, for the formation of NRs, it can be attributed to the high monomer concentration. 65 The overall synthetic procedure of ultrathin ZnS NPLs is presented in Figure 5C . is given by the help of ab-initio calculations. We find that observed absorption and emission bands arise from electronic interband transitions (h0,1,2-e0, h4-e1, h1-e3, h5-e2), and the splitting of hh-, lh-and sosublevels contributes merely to the broadening of excitonic transitions observed at room temperature. The shape/phase controlled evolution shown in this work endows the NCs with tunable optoelectronic properties, making them highly attractive for optoelectronic and catalytic applications.
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